High-performance suction feeding is often presented as a classic innovation of ray-finned fishes, likely contributing to their remarkable evolutionary success, whereas sharks, with seemingly less sophisticated jaws, are generally portrayed as morphologically conservative throughout their history. Here, using a combination of computational modeling, physical modeling, and quantitative three-dimensional motion simulation, we analyze the cranial skeleton of one of the earliest known stem elasmobranchs, Tristychius arcuatus from the Middle Mississippian of Scotland. The feeding apparatus is revealed as highly derived, capable of substantial oral expansion, and with clear potential for high-performance suction feeding some 50 million years before the earliest osteichthyan equivalent. This exceptional jaw performance is not apparent from standard measures of ecomorphospace using two-dimensional data. Tristychius signals the emergence of entirely new chondrichthyan ecomorphologies in the aftermath of the end-Devonian extinction and highlights sharks as significant innovators in the early radiation of the modern vertebrate biota.
INTRODUCTION
Suction feeding is ubiquitous among aquatic vertebrates (1) and likely emerged in the earliest fishes (2) . Improvements in efficiency advanced with the evolution of stiff jaws and hyoid arches, as well as powerful opening and closing mechanisms. However, true highperformance suction feeding required additional skeletal elements to occlude the corners of the mouth (2, 3) and an independently rotating hyoid bar (ceratohyal and basihyal). These characteristics, often linked to the profound evolutionary radiation of ray-finned fishes (4, 5) , allow greater control over gape and buccal volume and are thought to have first evolved in the late Paleozoic in stem neopterygians (6) . Nevertheless, similar mechanisms are also present in living elasmobranchs, most notably in the Orectolobiformes (7) . Furthermore, the presence of labial cartilages in a variety of fossil forms (8, 9) suggests an earlier origin, supporting the conjecture that high-performance suction feeding was first elaborated in the Chondrichthyes rather than the Osteichthyes (2) .
Here, we combine new fossil data with kinematic simulations from digital and physical models to test this Chondrichthyes-first conjecture and quantitatively investigate whether these jaw functions evolved first within the early Carboniferous chondrichthyan radiation (5, 10) . Tristychius arcuatus (11) , from the Middle Mississippian of Scotland ( Fig. 1) (12, 13) , is known in almost complete skeletal detail from numerous specimens preserved in ironstone concretions from the Viséan (Asbian) Wardie Beach locality of Edinburgh, Scotland (figs. S1 to S3 and table S1) (14, 15) . Computed x-ray tomography of these concretions has already revealed new information about the braincase (Fig. 1 , A to D) (13) , confirming hypotheses (12, 16, 17) that Tristychius is a stem elasmobranch (Fig. 1E ). These neurocranial data (13) provide new information about the arrangement of articulation areas for the jaws and jaw suspension, as well as details of the ear capsule and vestibular labyrinth, which indicate that Tristychius was process. Neither Meckel's cartilage nor the palatoquadrate bears a broad dental groove or furrow associated with the dentition of small (approximately 1.0 mm high) multicuspid teeth (12) .
Unlike the curved hyomandibulae present in most of the early chondrichthyans (Fig. 2B) , the Tristychius hyomandibula is short and straight ( Fig. 2E and fig. S3 , A and B), articulates beneath the rear of the otic shelf (13) , and extends ventrally and laterally, connecting with the ceratohyal anterior to the level of the occiput. The ceratohyal is massive, relative to the lightly constructed Meckel's cartilage, with a shaft broadening and thickening anteriorly to form a wide, medially directed blade (Fig. 1B and fig. S3 , E to H). In ventral view, the ceratohyals frame the insertion of the coracohyoideus muscle. The anterior of each blade articulates with the large basihyal ( fig. S3, C and D) . Proximally, the ceratohyal shaft turns dorsally and forms a concave platform receiving the distal head of the hyomandibula. The lateral surface of the ascending pillar brackets the retroarticular process of Meckel's cartilage. The hyoid rays are well preserved but, in contrast with previous reconstructions (8, 12) , are much too short to form an opercular flap.
The labial cartilages are large and comparable to examples known in Mesozoic hybodontids (8) and modern suction feeding elasmobranchs such as nurse sharks (genus Ginglymostoma) (23) . The complete labial chain includes three upper and two lower cartilages ( Fig. 1 and fig. S2 , I and J). Significantly, the main hinge of the labial chain occurs around the trapezoidal posterior lower cartilage, which bears well-formed articulation surfaces. This hinge is located far to the anterior of the mandibular joint ( fig. S4, C and D) , thereby limiting the gape aperture laterally and restricting jaw depression (compare Fig. 2, H and I ).
The pectoral girdle ( fig. S3 ) is an integral part of the feeding mechanism (24) . The coracoids are broad, each with a strongly concave posterior surface, likely for accommodating hypaxial trunk musculature (Fig. 2G) . The anterior surfaces of left and right sides combined create a wide, shallow pericardial concavity flanked by areas for the origins of coracoarcual and coracohyoideus muscles.
Models and kinematic simulations
The 3D skeletal reconstruction ( Fig. 1 ) derived from these data allowed the assembly of detailed physical ( fig. S4 ) and digital ( Fig. 3 ) models to test the hypothesis that the Tristychius cranium was capable of the full range of movements required for specialized suction feeding (22) . The physical model permits direct investigation of the cranium as an interconnected network of nonplanar, four-bar linkages ( fig. S4 ) (25) , whereas the digital model ( Fig. 3 and figs. S6 and S7) allows multiple conformations of the cartilages, limited only by constraints applied to the articulation surfaces (25) . In both models, the retroarticular process of Meckel's cartilage is coupled to the ceratohyal. In life, this linkage likely consisted of a set of ligaments (20, 21, 23) . The articulation is pinned in the physical model, but the digital model permits greater flexibility. Notably, in both models, the hyoid bar (ceratohyal and basihyal) is capable of independent rotation.
Both models show that mandibular depression, driven by retraction of the pectoral girdle (24) , (i) abducts the hyomandibula, (ii) opens and rotates the labial cartilage chain, and (iii) displaces the quadrate laterally across the underside of the postorbital process ( fig. S4 and movies S1 to S6). This explains the transverse ridge and groove articulation between the quadrate and braincase, long thought to be evidence of enhanced mobility of the palate [J. Dick personal communication (8) ]. Jaw depression within this 3D linkage network results in a greatly expanded oral cavity with a planar, near-circular mouth aperture (2) limited laterally by a skeletally supported rim, similar to the suction feeding motions of white spotted bamboo sharks (Chiloscyllium plagiosum) and nurse sharks (Ginglymostoma cirratum) (26, 27) . The digital model quantifies and coordinates these linked movements within the motion sequence described in Fig. 3 : A kinematic simulation validated with reference to motion sequences observed in living taxa (24, 26, 28) , in which expansive and compressive phases of the mandibular arch precede those of the hyoid arch ( fig. S7 ).
The physical model complements the digital model by further allowing direct measurement of oral volume change throughout the motion sequence ( Fig. 3A and table S2). Average peak increase in oral volume is 60%. Moreover, half of this additional volume is captured by the expanded cheeks entrained by the labial cartilages. Significantly, although the greatest rate of oral volume increase occurs between mouth closed and maximum depression of Meckel's cartilage, peak oral volume occurs later at maximum depression of the ceratohyal. Thus, as the jaws begin to close, oral cavity expansion continues, maintaining suction throughout the majority of the bite cycle, once again, as in modern sharks and teleosts. The motion sequence in Fig. 3A is plotted as if jaw opening and closing occurred at a constant rate. However, experimental observations show that specialists in suction prey capture actually exhibit a rapid expansive phase (jaw depression) coupled with a slower compressive phase (jaw elevation) (29) .
DISCUSSION
These results provide unprecedented support for the Chondrichthyesfirst conjecture (2): Tristychius predates the earliest evidence of the nearest equivalent actinopterygian jaw system (6) by some 50 million years ( Fig. 1 ). As noted, in Tristychius, the labial cartilages function like those of a modern nurse (22) or bamboo shark (cf. Chiloscyllium; fig. S5 ) or the free maxilla of fossil (6) and modern neopterygians such as a bowfin (5) or largemouth bass (1). To be effective, the jaws must be brought close to food items before jaw opening because suction dissipates as an inverse function of distance. Thus, high-performance suction mechanisms are advantageous in benthic feeding, as the operational distance can be enhanced if jaws are used close to the substrate boundary (30, 31) . For these reasons and consistent with indications from the form of the vestibular labyrinth (13) and overall body shape (12), we conclude that Tristychius was a specialist benthic predator, either ambushing or using stealth to approach its prey.
Ecomorphospace analyses of fishes have generally relied on 2D data (chord lengths or landmark data), gathered in lateral view, to infer ecology (32) , feeding mechanics (33, 34) , and macroevolutionary patterns (35, 36, 37) . This approach is justified for many fish taxa, where the body is laterally compressed (35) or movement is restricted to a single (parasagittal) plane (34, 37) . Buser et al. (38) demonstrated that for sculpins, 2D data often performed as well as 3D data in capturing relevant morphofunctional information. However, as with principal components analysis, 2D data represent compression of a real, complex dataset into a lower dimensionality. Morphological systems involving significant projection into three dimensions or substantial movement orthogonal to the plane of the 2D data can fail to discriminate among different functional morphologies (39, 40) . Buser et al. (38) acknowledged that 2D data failed to perform as well as 3D data for taxa with exaggerated morphologies along their lateral axis.
Demonstration of such an advanced jaw system in Tristychius is only possible because of 3D kinematic simulations (41) , incorporating all parts of the cranial skeleton and integrating multiple lines of evidence. The jaw morphology involves exaggerated lateral projection, and movement on jaw opening involves significant lateral displacement. If analyzed using chord measurements taken in lateral view as a proxy for mandibular shape disparity (36) , then Tristychius is reconstructed as a rather unexceptional chondrichthyan ( fig. S8 and table S3 ). Therefore, this pivotal evolutionary transition from a feeding mechanism relying primarily on biting and ram feeding (31) to one that exploits suction through rapid oral cavity expansion (Fig. 2) is invisible in this analytical treatment. Hence, the paleoecological implications of an advanced high-performance suction feeding system in Tristychius would be lost.
These data present an exception to widely accepted assumptions of chondrichthyan evolutionary conservatism, exemplifying the evolvability of the elasmobranch feeding apparatus (22) . Furthermore, these derived jaws signal elasmobranch expansion into novel niche space, and perhaps increased prey selectivity (31) , in the aftermath of the end-Devonian extinctions (10) . Accordingly, Tristychius marks the emergence of a new ecological guild of jawed vertebrates (42): a morphofunctionally modern fish ( fig. S9 ) deep within the Paleozoic. This mode of suction feeding, foreshadowing its use by the vast majority of living fishes (1, 2) , implies an enhanced ability to capture cryptic and/or elusive prey (movie S6). Now vulnerable to vertebrate predators with a battery of sensory systems (31), infaunal prey taking shallow refuge in crevices or benthic sediments seem likely to have been pressured into deeper burrows. Furthermore, this new mode of feeding might have exerted a devastating impact on fish nursery grounds, often located in shallow brackish environments (43) , such as the Wardie Beach paleoenvironment. The emergence of fishes such as Tristychius likely resulted in a fundamental shift in predator-prey dynamics (44, 45) , the bulk effects of which might yet be detected in the sedimentary record.
Tristychius is by far the most abundant shark in collections from Wardie Beach (14) , but, as with the origin of actinopterygian jaw protrusion (44) , this first appearance of enhanced suction feeding does not appear to have triggered an evolutionary radiation. Rather, Tristychius emerged from within an exceptional round of chondrichthyan morphological diversification following the end-Devonian extinction (10) and likely initiated the evolution of increasingly kinetic and diverse crania among the elasmobranchs, standing in marked contrast to the anatomically conservative jaws and tooth plates of their holocephalan sister taxon. (37, 38, (49) (50) (51) (52) , which, in turn, overlie the Wardie Shales. The maximum age constraint for the Gullane Formation is provided by the underlying Arthur's Seat Volcanic Formation, 40 Ar/ 39 Ar dating of which is 335.1 ± 0.6 Ma (53). It follows that the age of the Wardie Shales Member is restricted to between ~333.5 and 335.5 Ma (54).
MATERIALS AND METHODS

Geological setting and material
The Oil Shales of the Midland Valley of Scotland, including the Wardie Shale Member, were deposited on the floor of a large and likely thermally stratified lagoon, stagnant parts of which permitted chondrichthyan skeletal preservation (15, (55) (56) (57) (58) . Irrespective of evidence of occasional marine influence, the shark component of the fossil biota, which also includes brachiopods, bivalves, ostracods, actinopterygians, and sarcopterygians including the tetrapod Lethiscus (59), persists throughout six of seven fish-bearing beds at Wardie shore. Hence, it appears that these Oil Shale sharks (12, 15, 55) , of which T. arcuatus is by far the most abundant (14), were either nonmarine or able to tolerate a wide range of salinities.
Concretions (nodules) ( fig. S1A ) are restricted to the fish-bearing beds. Skeletal remains embedded within siderite matrix are often surrounded by a halo of iron pyrite and calcite-filled radiating cracks (14, 15) . Preserved shark cartilage is occasionally freed from the surrounding matrix, but these items often consist of the cartilage core, with calcified tesserae and surface detail remaining embedded in the concretion. For this reason, mechanical preparation of specimens is not recommended, and nondestructive methods, such as computed tomography, are preferred.
Computed tomography
Concretions containing T. arcuatus were scanned at the University of Texas at Austin (www.digimorph.org) high-resolution x-ray computed tomography facility. Sixteen-bit TIFF (Tagged Image File Format) images (1024 by 1024 pixels) were obtained using P250D, 450 kV, 1.3 mA, a small spot size, 1 brass filter, no offset, and gain used in lieu of wedge [integration time, 128 ms; slice thickness, 0.25 mm; S.O.D. (Source to Object Distance), 582 mm, 1000 views, 1 ray per view, 1 sample per view; interslice spacing, 0.23 mm; field of reconstruction, around 120 mm (maximum field of view, 120.8318 mm); reconstruction offset, 12,000; reconstruction scale, 4800]. Ring-removal processing was completed on the basis of the correction of raw sinogram data using IDL (Interactive Data Language) routine "RK_SinoRingProcSimul" with parameter "sectors = 100." Postreconstruction ring correction used parameters "oversample = 2, binwidth = 21, sectors = 1."
The bamboo shark, Chiloscyllium punctatum (snout to tail length, 120 mm) was stained in phosphotungstic acid in ethanol (1% solution) for 2 weeks. Scans were completed at the University of Chicago X-ray Computed Tomography facility, using a GE Phoenix 240/180 scanner at 75 kV and 150 A, with no filter, and 1600 projections with a voxel size of 13.90 m.
Rendering and reconstructions
Anatomical reconstructions of T. arcuatus used Mimics v.18 (http:// biomedical.materialise.com/mimics; Materialise, Leuven, Belgium) for 3D modeling, including segmentation, 3D object rendering, STL (Stereo Lithography) polygon creation, and kinematics. Further editing of the STLs (color, texture, and lighting), kinematics, and mirroring for the final restoration used 3D Studio Max (www.autodesk.com/ products/3ds-max/overview; Autodesk, San Rafael, USA). All specimens listed in table S1 were used for corroboration of cartilage morphology preserved with different patterns of postmortem compression and for scaling the complete cranial skeleton.
The model symmoriid in Fig. 2 (A to C and H) is a composite assembled using the 3D intact neurocranium of Dwykaselachus (60) and the mandibular and hyoid arches of Akmonistion (61), with input on articulation and orientation from Ozarcus (18) . The Dwykaselachus neurocranium most closely resembles the flattened remains of Akmonistion neurocrania; hence, the use of jaws and hyoid arch from Akmonistion (specimen V8246 from University of Glasgow Hunterian Museum, specimen GN1047 from University of Cambridge Museum of Zoology, and specimen 1981.63.23A from National Museum of Scotland) rescaled to fit Dwykaselachus. Neurocranial articular surfaces match those of Ozarcus, but it is clear that the palate proportions differ from Akmonistion. Data from the Permian xenacanth Orthacanthus (8, 62) might be used similarly, also displaying cleaver-shaped jaws (19) , but no ventral perspective of arches in articulation with braincase is available, unlike published images of Ozarcus.
The physical model of Tristychius shown in fig. S4 was assembled from life-sized 3D printouts of the STL files for 3D object rendering. All articulations are threaded with steel wire, except for a nylon fiber ligament connecting the hyomandibula to the ceratohyal. The postorbital process-quadrate articulation is free, held in position by the rest of the jaw suspension. Tension in the model can be maintained by a sprung brace inserted between the quadrates, thereby keeping the gape open ( fig. S4F ).
Virtual simulation methods
To virtually simulate mouth opening and closing in T. arcuatus, we first arranged the computed tomography segmented skeletal elements (i.e., digital meshes) in an approximately closed mouth pose. On the basis of the articular anatomy of T. arcuatus and the cranial mechanics and kinematics of present-day sharks (63), we concluded that the skull of T. arcuatus likely had at least six primary degrees of freedom (DoFs) of motion ( fig. S6 ). These are translation of the basihyal dorsoventrally and craniocaudally ( fig. S6, A and B) , hyoid arch abduction ( fig. S6C ), Meckel's cartilage depression ( fig. S6D ), mandibular arch abduction ( fig. S6E), and labial cartilage flaring (fig. S6F ).
Given these multiple DoFs, many potential conformations of the skull are possible. Thus, we simulated a single sequence of opening and closing of the mouth by charting a single path or trajectory through this multidimensional "skull conformation space." We created an initial 5D skull conformation space by simulating motion along five of six cranial DoFs (all but labial cartilage flaring): The basihyal was translated ventrally over a range of 35 mm and caudally over a range of 10 mm, the hyoid arch was abducted over a range of 25°, the Meckel's cartilage was depressed over a range of 20°, and the mandibular arch was abducted over a range of 5° (we assumed bilateral symmetry throughout all virtual simulation). For each of these motions, we simulated nine positions evenly spaced along the total range of motion and combined them in a full pairwise manner, creating a total of 9 5 (59,049) conformations. We performed all simulations in R (64), using the R package "linkR" to perform the motion transformations (65, 66) and the R package "svgViewR" (67) to create all mesh visualizations and animations (movies S1 to S5).
Not all of these conformations are biologically reasonable or biomechanically feasible. We next filtered out these conformations based on two criteria. The first criterion was that when the Meckel's cartilage is near fully depressed, the basihyal would not be near fully elevated and that when the basihyal was near fully depressed, the Meckel's cartilage would not be near fully elevated ( fig. S7A ). This follows from the assumption that during prey capture mandibular and hyoid arch rotations are coordinated (although not necessarily synchronous). This first criterion reduced the number of conformations from 59,049 to 22,491.
The second filtering criterion assumed the presence of a ligamentous connection between the medial surface of the retroarticular process of the Meckel's cartilage and the opposing lateral surface at the proximal (caudal) end of the ceratohyal. We removed conformations in which the distance between these two surfaces exceeded 4 mm by taking the distance between two planes, one on each articular surface. Because we simulated hyoid arch abduction ( fig. S6C) S7B ). We also removed these conformations by detecting intersections of the two articular planes. This second criterion reduced the number of conformations from 22,491 to 1042.
We next defined a trajectory curve through the filtered conformation space (1042 total conformations) that represents a possible mouth opening-closing motion sequence (red lines in fig. S7 , C to E) validated by reference to in vivo kinematics described in present-day sharks (7, (22) (23) (24) 63) . In particular, we defined the trajectory through conformation space such that peak hyoid depression follows peak Meckel's cartilage depression ( fig. S7C ). In addition, we conjectured that mandibular arch abduction (i.e., palatoquadrate mediolateral sliding; fig. S7D ) and hyoid arch abduction ( fig. S7E ) both reached their respective maxima at peak hyoid depression. To constrain the trajectory curve (e.g., make sure the path passes through particular points), we used Bézier splines. We then found the points in conformation space closest to evenly spaced points along the motion trajectory and smoothed the transformations between consecutive conformations to create the final mouth open-close simulation. Labial cartilage flaring was added last and with the assumption that flaring occurs simultaneous with Meckel's cartilage depression. Thus, the labial cartilage transformation was essentially a copy of Meckel's cartilage depression, rescaled to a maximum of 35°.
Estimates of oral volume change through bite cycle
Measures of oral volume were obtained from direct fills of the physical model ( fig. S4) . The model was supported, occiput uppermost, with the oral cavity lined with a plastic bag. Meckel's cartilage and the ceratohyal (and basihyal) were rotated to angles recorded in Fig. 3A and table S2, with associated abduction or adduction of the hyomandibula and palatoquadrate. Arch positions were secured using a wire cage. At each fixed position, the oral cavity (plastic lined) was filled to the level of hyoceratohyal joint with charcoal pellets decanted from a measuring cylinder. Although positions of articulated skull parts were fixed, the cheek and throat walls were flexible, as they must have been in life. Thus, measurements of oral volume varied for each fixed position. For this reason, 10 measurements were taken for each of the four configurations of the feeding apparatus, obtained throughout the mouth opening and closing cycle. The extra oral volume captured by the labial cartilages was measured from a wedge-shaped container built to fit the space extending from the jaw hinge (the quadratearticular joint) to the level of the oral rim bordered by the labial cartilages when Meckel's cartilage is fully depressed.
2D mandible morphometrics
Previous studies of mandibular morphological disparity have treated the mandible as a 2D object examined in lateral view (36, 37) . These treatments can identify changes in mandible shape through time and across clades, and given the close association of mandibular form and feeding ecology, it is reasonable to infer expansion into novel ecological niches when novel mandible morphologies are observed.
The mandible in "fishes" is generally amenable to representation as a 2D object. However, compression of any 3D object into 2D necessarily loses any information along the axis orthogonal to the plane of analysis. This compression is not necessarily fatal to morphometric analyses (38) ; however, in cases where there is significant shape disparity along the orthogonal axis, there will be increasing bias in the results (38, 40) .
In the case of the mandible, the compressed axis projects laterally from the sagittal plane of the neurocranium. It is precisely in this plane that the displacement of the palatoquadrate and the abduction of the hyomandibula in Tristychius takes place during the jaw-opening phase, with most of the increase in oral volume being a result of lateral expansion of the cheeks. Hence, methods, such as those used by Anderson et al. (36) or Hill et al. (37) , would be unable to recover the unique nature of the jaws in Tristychius. By way of demonstration, we coded three chord measurement characters defining anterior (C1) and posterior (C2) mechanical advantage and mandible beam strength (C3) for Tristychius and other Devonian and Carboniferous chondrichthyan taxa, using the measurements specified by Anderson et al. (36) . Plotting these chondrichthyan taxa along with the original data from Anderson et al. (36) demonstrates that none of these new taxa (including Tristychius) are outliers ( fig. S8, A and B) ; all are clustered in a group with other chondrichthyans. Hence, the novel morphology observed in Tristychius, and its inferred novel ecological niche, would be lost in a large-scale macroevolutionary analysis based on a 2D representation of this taxon.
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